The magnetic properties of heavy-hole excitons in wide quantum wells of ZnTe with Zn x Mg 1−x Te barriers have been studied with photoluminescence and reflectivity measurements. The exciton magnetic moments (as characterized by the g values) and the diamagnetic shifts of the exciton transitions are found to depend strongly on the wave-vector component K z associated with translational motion of the exciton normal to the plane of the quantum well. The case of ZnTe differs from examples of this behavior previously reported for GaS, CdTe, and ZnSe since the ZnTe is under tensile biaxial strain, so that the heavy-hole exciton states lie higher in energy than the corresponding states of the light-hole excitons. The dependence of the magnetic properties on K z is nevertheless still in excellent agreement with the predictions of a model proposed by Smith et al. [Phys. Rev. B 78, 085204 (2008)], in which mixing of the heavy-hole 1S exciton state with light-hole nP states is found to be responsible for motion-induced changes in the internal structure of the exciton.
I. INTRODUCTION
The properties of excitons in bulk semiconductors can conveniently be described by using the center-of-mass (c.m.) approximation, in which the exciton is considered as a composite particle formed by the electron and hole orbiting each other (the internal motion), with the center of mass moving with translational wave vector − → K (see, e.g., Refs. [1] [2] [3] [4] [5] . When such excitons are created in quantum wells that are wide (for example, five or more times the exciton radius), the c.m. approximation remains valid, but the allowed values of the wave-vector component K z in the growth direction (taken to be the z axis) are now discrete and in an infinitely deep well of width L are given by K z = Nπ/L, with corresponding kinetic energies of h 2 N 2 /8ML 2 , where M is the translational mass, N is the quantization index, and h is Planck's constant. These energies are typically of the order of millielectron volts and the transitions associated with the creation of excitons with different values of K z can often be observed in high-resolution optical spectroscopy. Examples have been reported for several materials, notably CdTe, 6, 7 GaAs, 8 ZnSe, 9 and ZnTe. 10 Recent optical experiments in magnetic fields have shown, however, that the properties of excitons with finite translational wave vectors are more complicated than appears at first sight. [11] [12] [13] [14] In particular, the exciton magnetic moment (characterized by its g value, g exc ) is found to be highly dependent on K z , in some cases changing by an order of magnitude over the range of accessible values of K z . The magnetic moment is sensitive to the electronic structure of the exciton, which itself is thus shown to depend on its state of motion. In Ref. 12 a model was proposed in which the changes in magnetic properties are caused by motion-induced mixing between the exciton states. The mixing is a consequence of the valence band structure departing from simple parabolic form, and the model leads to excellent agreement with observation for CdTe and ZnSe. In these two materials, the epitaxial nature of the specimens results in a strain-splitting S between the heavy-hole (HH) and light-hole (LH) exciton states, so that the heavy-hole exciton lies lowest in energy (S being positive). The heavy-hole exciton 1S ground state is then mixed with the light-hole nP states, leading to the observed changes in the magnetism.
Clearly, the extent of the mixing in this model would depend on the energy differences between the 1S heavy-hole state and the light-hole nP states, and these differences in turn depend in part on the strain in the epitaxial layers. Thus, to provide a clear indication that it is indeed the mixing of heavyand light-hole exciton states that leads to the motion-induced changes in the magnetic properties, it is necessary to show that these changes are sensitive to the extent of the strain in the quantum well and to show that these changes can be accounted for quantitatively. To a limited degree it was possible to test this sensitivity in CdTe, where the layers were in biaxial compressive strain for which two different values could be obtained by growing on different types of substrate: one of the successes of the model was that it indeed accounted accurately for the consequent changes in the exciton magnetism. 12, 14 However, only two values of the strain were possible and only for CdTe: in particular, the investigations did not include the possibility of biaxial tensile strain. Experiments involving a much greater variation of the strain were therefore necessary in order to establish the general applicability of the model and to eliminate other possible mechanisms (for example, mixing between heavy-hole exciton states caused by high-order terms in the valence band Hamiltonian). The purpose of the present study on ZnTe was therefore to provide not merely a different material but also a case in which the biaxial strain, being tensile, was completely different from that in previously studied materials. To obtain this type of strain, the ZnTe layers were grown between Zn 1−x Mg x Te barriers (see Sec. II A): the parameter S is now negative (the lowest optically excited state now being that of the light-hole exciton).
The plan of the paper is as follows. We first provide the sample details and a summary of the optical spectra in magnetic fields (Sec. II). The anisotropy and K z dependence of the gyromagnetic ratios and diamagnetic constants of the exciton are described in Sec. III. A comparison of the data with the model of Ref. 12 is made in Sec. IV, followed by our overall conclusions (Sec. V).
II. EXPERIMENTAL DETAILS

A. Sample details
The specimens were grown by molecular beam epitaxy on ZnTe (001) substrates. A bottom barrier of ∼ 1100-nm Zn 1−x Mg x Te was grown on a 400-nm ZnTe buffer layer, followed by a ZnTe quantum well and an outer barrier of 50 nm of Zn 1−x Mg x Te. Further details are given in Table I . Since the Zn 1−x Mg x Te has a larger lattice constant than ZnTe, the quantum wells are placed under biaxial tensile strain. The strain-splitting parameter S was obtained in each case from reflectivity spectra (see Sec. II B): the values of S are about one-half of those predicted by using the parameters of Ref. 15 and by assuming that the wells are fully strained to fully relaxed bottom barriers.
B. Spectra and energy shifts in magnetic fields
Photoluminescence (PL) and reflectivity experiments were carried out in the range 1.6 to 7 K and in magnetic fields up to 10 T. In most cases, the field was applied in the specimen growth direction ([001], the z axis), but some measurements were made with samples inclined to the magnetic field. PL spectra were excited by using the 442-nm He-Cd or 496-nm Ar-ion laser lines. In all measurements the direction of light propagation was along that of the magnetic field.
Typical examples of the spectra in zero magnetic field are shown in Fig. 1 . We attribute the two strongest peaks (2.374 and 2.380 eV) in the PL spectrum to the N = 1 transitions of the light-hole and heavy-hole 1S excitons, respectively. Transitions associated with the heavy-hole center-of-mass excitons appear as a series of lines in the energy region 2.380 eV and above. When the energies of these transitions are plotted against the square of the quantization index they lie on a straight line of gradient h 2 /8ML 2 , with M = 0.54m 0 (see inset to Fig. 1 ). This value of the translational mass M is close to the sum m e + m HH (m e = 0.166m 0 , m HH = 0.40m 0 from the data in Ref. 16) , thus confirming that the transitions are indeed those of HH c.m. excitons. For LH c.m. excitons, transitions with differing values of N cannot be identified with certainty (see also Sec. IV C).
When a magnetic field B is applied along the growth axis, the PL and reflectivity lines split and change in energy as typified in Fig. 2 where the continuous lines are of the form
in which, for a given specimen, E N , g exc , and D are functions of N [in obtaining such spectra, the PL signals become progressively weaker as the energy increases (see, e.g., Fig. 1 ) and, since the degree of circular polarization is not perfect, discrimination between weak signals that overlap can become difficult, thus accounting for small discrepancies between the observed and fitted data such as those in the upper trace of Fig. 2 ]. It is immediately apparent that the field-induced splitting of the exciton lines increases as the quantization index increases, in a manner that is very similar to that observed for CdTe, GaAs, and ZnSe. [11] [12] [13] [14] The splitting, which is linear in magnetic field, can be characterized by an exciton g value defined through g exc μ B B = E σ + − E σ − , where E σ + and E σ − are, respectively, the energies of the σ + and σ − transitions and μ B is the Bohr magneton.
III. ANISOTROPY AND K z DEPENDENCES OF THE g FACTOR AND DIAMAGNETIC CONSTANTS OF THE EXCITON
It was pointed out in Refs. 11-14 that when the values of g exc for quantum wells of different widths are plotted not against the quantization index but against the translational wave-vector component K z , they lie on a common curve (for a given value of the strain parameter S). The data for the present samples plotted in this way are shown in Fig. 3 .
The transitions, respectively, involve the heavy-hole exciton states with m J = ±3/2, m s = ∓1/2, where m J and m s are, respectively, the magnetic quantum numbers for the hole and electron. It is convenient to express the exciton g value in terms of the heavy-hole g value (g HH ), 17 the conduction band electron g value (g e ), and an additional parameter g(K z ) that describes the effect of K z -dependent mixing between the HH exciton 1S ground state and the excited LH states of nP form (see Sec. IV A). We therefore write where θ is the angle between the magnetic field and the growth axis. The cos θ factor enters in the first term on the right-hand side because it is heavy holes that are involved (for which the in-plane g value is vanishingly small) and in the final term because g(K z ) is predicted (see Sec. IV A) to have this form. In Fig. 4 we show the dependence on θ of two of the transitions, thus confirming the validity of Eq. (2) (and confirming that it is indeed heavy-hole excitons that are involved). The value of g e = −0.4 ± 0.2, which is expected to be essentially independent of the direction of the magnetic (1)] is also a function of the translational wave vector K z , as shown in Fig. 5 . Its behavior is discussed in Sec. IV B below.
IV. DISCUSSION
A. The g factor of the exciton
We interpret the data in terms of the model proposed in Ref. 12 . Here, the 1S HH exciton state is mixed with the lighthole exciton states of nP form. The Luttinger Hamiltonian for holes in the valence band 3, 19 contains a term of the form −2γ 3h 2 m 0 ({k x k y }{J x J y } + cycl.perm.) and it is this term that leads to the mixing 12 . For mixing with a particular nP lighthole exciton state, this results in a contribution to the exciton g-value given by:
Here v n = − nP ,p x |∂/∂x|1S a exc and w n = nP ,p x |x|1S a −1 exc , where a exc is the exciton Bohr radius. The parameter β represents the fraction of the translational momentum carried by the heavy hole and is defined by β = m HH /(m HH + m e ), where m HH and m e are, respectively, the effective masses of the heavy holes and the conduction band electrons.
The quantity E n is the energy by which the nP LH state lies above the 1S HH state and is given by For the particular case of n = 2, the values of v 2 and w 2 are 0.279a −1 exc and 0.745a exc , respectively. For mixing with this particular state, and if 3R/4 + S is zero (or greater), the perturbation theory used to obtain Eq. (3) is valid, provided that K z >∼ w/a exc ≈ 0.6 × 10 6 cm −1 (or less). This is indeed the case for the range of observation in the present study, especially since 3R/4 + S is positive (so that the 2P LH exciton state lies above the 1S HH state). For mixing with other nP states, the criterion is less demanding. To calculate g(K z ), the contributions of the form of Eq. (3) have to be summed for all nP states and integrated over P-like states in the continuum.
Comparison between experiment and the predictions of this model are shown in Fig. 3 (upper panel) for samples 1 and 2. The Luttinger constants γ 1 = 4.07, γ 2 = 0.78 given in Ref. 16 have been used, together with m e = 0.116m 0 . 16 To fit the data we require γ 3 = 1.18 ± 0.02 (sample 1) and γ 3 = 1.28 ± 0.02 (sample 2); these values are lower than the value γ 3 = 1.59 in Ref. 16 but within the range reported in other studies (see Table II of Ref. 16 ). The only other adjustable parameter is g 0 (the heavy-hole exciton g value for notionally zero wave vector), the choice of which shifts the calculated curves bodily in a vertical direction in Fig. 3 . A previous study of CdTe (Ref. 12) suggested that this parameter is strain dependent and, for ZnTe, we take g 0 = 2.7 ± 0.2 for S = −5 meV and g 0 = 2.4 ± 0.2 for S = −6 meV (leading, respectively, to values of 2.3 and 2.0 for g HH , the hole g value at K z = 0).
The lower panel of Fig. 3 shows a similar fit to the data for samples 3 and 4 (S = −9 meV). Here we find γ 3 = 1.35 ± 0.05 and g 0 = 1.5 (leading to g HH = 0.1), suggesting again a strain dependence of these parameters. The fit to the data is not as good as for the specimens with smaller strains, possibly because the perturbation theory is now being used closer to the limit of its applicability [see comment earlier in the section: the quantity (3R/4 + S) is now close to zero]. However, given the approximations used, we consider the fit to be satisfactory.
We noted at the end of Sec. II B that the electron g value (obtained from the data point at θ = 90 • ) is negative (−0.4), in agreement with published data. 16, 18 In contrast, the values of the HH g value needed to fit the present data are positive. This positive sign is a consequence (i) of extrapolating the experimental data for g exc as K z approaches the notional value of zero and (ii) of making the usual assumption that g exc is then given by g HH − g e (this sign determination is not a consequence of the motion-induced mixing model, which itself concerns only the range over which g exc varies as K z changes). The positive sign is surprising, since g HH is expected to be of the order −6 times the Luttinger parameter κ (Refs. 17 and 19) and since (for bulk ZnTe) values of κ ranging between zero and of 0.27 have been reported (see Table 1 of Ref. 16) . At present, this difference in sign (and, indeed, the large variation in the value of κ reported for the bulk material) is not understood, but may be a consequence of the strain or of the differences in the state of binding of the hole. Attempts to calculate g HH directly from knowledge of the band structure of ZnTe lie beyond the scope of the present paper.
B. The diamagnetic parameter of the exciton
We turn next to the behavior of the diamagnetic constant D as a function of translational wave vector (Fig. 5 ). It is shown in Ref. 12 that the mixing between the 1S and nP states results in contributions to the diamagnetic parameter D(K z ) for θ = 0 given by
As with the calculation of g(K z ), these contributions to the diamagnetic parameter D have to be summed over all nP states. Since the contributions are negative, as K z increases they will cause the value of D(K z ) to fall below its value D(0) for K z = 0. In Fig. 5 we show the comparison between experiment and calculation for samples 1 and 2, using the average of the parameters used for the calculation for Fig. 3 (upper panel). We obtain good agreement with experiment if we choose a exc = 5.5 nm, which is a reasonable value for this material. 20
C. The light holes
A final comment concerns the light-hole excitons. For small values of N and of the translational wave vector K z the 1S LH exciton transitions lie lower in energy than those of the 1S HH excitons. The peak attributed to the 1S LH N = 1 transition appears strongly in, for example, Fig. 1 , but we can find no conclusive evidence for LH transitions with higher values of N and therefore cannot obtain for these excitons a fan diagram of the type shown in Fig. 2 . The predicted g value for LH excitons at small values of the translational wave vector is of order g e + g LH ≈ g e + g HH /3 ≈ 0.5 or less. This would not be resolvable in our spectra (particularly since the linewidth of the exciton LH signal is slightly greater than those for the exciton HHs).
V. CONCLUSIONS
The main conclusion is that the mixing model introduced in Ref. 12 to account for the wave-vector dependence of the heavy-hole g value remains valid even when it is the light-hole exciton ground state that is lowest in energy, that is, when the strain parameter S is negative. The excellent quantitative agreement that is obtained between the observed and the predicted values of the exciton g values and of the changes in the diamagnetic shifts provides further strong confirmation of the validity of the model, which implies that the internal structure of the exciton changes significantly as it acquires kinetic energy.
